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Low  temperatures  and  short  times  are  essential  requirements  of  future  VLSI  processing 
and  the  use  of  plasma  in  coo ju action  with  single- wafer  lamp  heating  is  a  major  step  to  realise 
this  goal.  In-ntu  multiprocessing  redaces  contamination  and  enhances  yield.  Reproducible 
growth  of  thin  oxides  in  hot-wall  furnaces  is  difficult  due  to  kmg  transient  times  and  con¬ 
stant  furnace  temperatures.  Since  furnaces  are  not  designed  for  single-wafer  processing,  no 
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extensive  in-ntm  real-time  measurements  can  be  performed.  RTF  of  Si  in  Oj  and  NHj  am¬ 
bients  is  an  attractive  technique  for  the  growth  of  silicon  nitride,  silicon  dtadde,  nitrided 
oxides,  oxidised  nitrides,  and  applicatioa-speciftc  insulators -ff^T We  have  also  demonstrated 
the  feasibility  of  lyw*tempers.ture  aitridation  of  Si  in  nitrogen  plasma  generated  by  microwave 
discharge^  LPcVd  of  tungsten  (W)  has  emerged  as  a  viable  technology  for  VLSI.  The 
conventional  ho&waO  furnaces  are  not  suitable  for  reproducible  higforate  W  deposition  and 
nonselective  formation  of  W  on  insulators.  <fe— 

Based  on  our  experiences  with  microwave  plasma  aitridation  and  the  rapid  thermal  di¬ 
electric  growth  and  anneal  processes,  we  have  developed  a  nova!  cold-wall  single- wafer  rapid 
thermal/ plasms  multiprocessing  reactor  far  ws-esta  growth  wad  deposition  of  dielectrics,  sili¬ 
con,  and  metals  (Fig.  1).  This  equipment  is  the  result  of  an  attempt  to  enhance  equipment 
versatility,  to  improve  process  reproducibility  and  uniformity,  to  increase  growth  and  deposi¬ 
tion  rates,  aad  to  achieve  m-ssts  multiprocessing.  The  water-cooled  stainless  steel  chamber 
provides  various  ports  for  gas  injection,  optical  heating  of  the  wafer,  pump,  aad  m-nts  pro¬ 
cess  monitoring.  The  wafer  sits  an  low  thermal  mam  pins  facing  the  end  cone  of  a  dieeharge 
tube  aad  is  heated  on  the  ether  side  hy  tungsten- halogen  lamps.  The  optical  flux  reaches  the 
wafcr  through  a  water-cooled  qaarts  window.  The  wafar  temperature  can  he  controlled  in  a 
mags  born  roam  temperature  to  UN  far  seconds  up  In  many  minutes.  Any  rsmhiastinu  of 
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At,  N,,  0*  NHj,  WF*,  WCW,  H,,  SIH«,  aad  SF«  can  be  injected  into  the  chamber  either 
through  a  qnarts  tnbe  at  Um  bottom  of  tha  chamber  or  throogk  Um  aide  port  aoopUrma 
iajocton.  Remote  plaaaaa  caa  be  generated  inside  Um  tab#  by  a  microwave  discharge  cavity. 
Tbe  availability  of  plasma  processing  aot  only  allow  hro-tamparatane  dielectric  growth  bat 
also  baa  eaebled  as  to  develop  several  aew  proeeeeee  far  loweeiectivs  depoeitioa  of  W  aad 
its  compoaade  oa  insulating  layers  far  lfOS  gale  applkatioae.  Tkie  system  coaiga ration 
is  very  flexible  for  m-rite  maltlproremiag  becaaae  it  allows  rapid  cycling  at  am  bleat  gases, 
temperature,  aad  plasma  with  aegjigjhie  ernes  coatamlaatioa  The  details  at  this  reactor  are 
preseated  elsewhere  (3). 

The  rapid  thermal  oaddatloa  (RTO)  process  is  a  viable  tecbaiqee  for  growing  thin  .  The 
MOS  devices  with  rapidly  grows  were  foe  ad  to  have  larger  charge- to- breakdowa  aad  lower 
eiectraa  trapping  compared  to  fsraaee  oxides.  As  aa  example,  tbe  cbatgs-to-bieakdowa  vs 
RTO  tomporatare  sbowa  is  Fig.  2  isdkstes  a  higher  breakdown  ebargs  wbea  tbe  snrfnce 
is  free  of  native  oxide  prior  to  gate  oxidation.  This  dsmoastraten  tbe  importance  of  m-stfu 
preooddatkm  ssrfsce  cleeelinees  became  tbe  c  henries!  oxide  simeietee  tbe  oxide  grown  in  n 
furnace  wbea  tba  wafers  see  macaatroiied  ambient  aad  tempesatare  daring  loading  sad  un¬ 
loading.  An  compared  to  tbe  devices  with  pieoaridetioa  removal  of  native  oxide,  tbe  presence 
of  a  chemical  oxide  prior  to  RTO  red  need  Qj  aad  On,  and  tbeir  dependencies  on  the  RTO 
temperatmie.  If  altkycia  rapid  thermal  growth  pwcwnm  ate  snitabie  far  dieiectric  engjnmring 
aad  m-sds  formation  of  thin  layered  iaselatow  with  a  variety  of  controllable  oxygen  sad  ni¬ 
trogen  compositional  depth  poodles  by  np proprints  design  of  Um  temperatmie  aad  pe  cycles, 
la  tba  rapid  thermal  aitridatioa  (RTN)  of ,  lV-rick  lapses  form  at  tha  surface  aad  taterfece 
(Fig.  3(a)).  RTN  of  slow  dwwa  tha  gsaaraUan  rate  of  new  sarihee  states  canned  by  high 
•eld  electrical  etnas  (Fig.  3(b)).  To  demonstrate  Um  maltipwir seeing  capabilitim  of  RTF, 
w  have  fabricated  varioae  NM08  twsisiiws  where  RTF  was  esaptayed  far  growth  aad  an¬ 
nealing  af  gate  osddaa  and  altrmddm,  ncUvnUan  and  ledhtrihetien  of  dapnnt  in  eoerce/dmie 

regarding  electrical  psrfsrmsnre,  henharrier  degrodatien,  aad  sarihee  meWhUm  of  KiFET. 
with  rapidly  grown  gate  iaanlaten  wil  be  preaaated. 

Tbe  asnla  abjective  af  sat  wash  was  te  develep  rebel  fa  proceasm  far  as-eata  fahricatioe 
of  W-gate  IfOfl  devices  which  regains  the  growth  ef  gate  dlslsctrte  by  RTO  and  RTN  cycles 
faRawad  by  a  aaswriacUve  W  depasMan  pweem  la  farm  Um  gate  elactrode.  W  is  4  site 
attractive  se  aa  If  Of  gate  malarial  (4);  hewevn,  a  reflabts  psweam  far  in  site  fanantiea  of 


impfaated  dopants  thrash  W  pUe,  aad  lack  of  oxidation  iwfatinrs  an  nwrcw.  Wo  have 
wad  two  ipfmdaa  to  solve  tUa  pnlln:  ooa  by  oaiag  a  Si  ghm  layar  aad  tba  otbar  by  the 


H«  iWacbw  of  WF*  cm  aol  occar  oa  iaoeklom  aalwa  mom  layer  at  metal  or  Si  i®  wad  lor 
initial  aacfaatiaa.  hi  a  amis*  of  axp adwrta ,  W  day  witioo  by  a  coowtiooal  hoi- wall  LPCVD 
hnacaoa  uatag  aasorphow  11  aa  a  gh®  hi  jar  hi  laTiatipiail  For  30  aria  of  W  deposition, 
tba  W  ihw  oa  osMIaad  wafers  coatad  with  S40  aad  4S6  at  LPCVD  amorphow  Si  saceowfally 
paaaad  tba  tra wyarwt  tape  adbaaioa  taat.  Aaawaaga  abaat  resistance  of  0.9  fl/D  for  HOP  W 
Slaw  ww  obtaiaad.  W  p  naiad  of  bow  wafara  coatad  with  280  of  amorphow  Si  alW  only 
20  bub  at  W  deposition  wbkb  iadkatad  that  tba  ptawaca  at  aoaw  amorphow  Si  ww  needed 
for  adequate  adbaaioa.  W-gate  MOS  capacitors  ware  fabricated  using  this  technique  and 
Fig.  4  ilhwtmtw  tba  typical  C-V  characteristics.  Tba  deaaitiaa  of  midgap  Du  were  in  the 
rang®  of  (2^*3Ji)1010  aV'ear*.  Tba  iwalator  tbkkawa  eatimated  by  tbe  C-V  method  wu 
consistently  thkhar  (by  w  much  w  SO  to  85  )  thaa  tbe  oaide  tbkkaeas  measured  before 
tbe  amorpboas  Si  dapoaitioa  which  ia  aa  iadkatioa  of  aoaae  rewiiaiag  excess  amorphow  Si; 
however,  this  Si  ww  enwpiotaly  rowamad  during  subs uq neat  thermal  annealing. 

As  a  result  of  tbe  process  ihnitatinw  of  tbe  above  technique  a  variety  of  selective  aad 
nonwiactivo  proems  as  were  investigated  in  this  work  wing  tbe  novel  reactor.  Table  1  presents 
n  summary  list  of  tba  W  depoeitkin  pcocawaa  developed  wing  oar  multiprocessing  reactor. 
These  techniques  are  posyid  based  on  tbe  plasma  condition  and  tbe  injection  mode  of  var 
iow  ambient  gases.  Them  dep otitis w  wow  studied  extensively  ia  a  wide  range  of  gw  low*, 
pressure,  aad  tsmpesntass.  Several  of  them  novel  aoaaaiactive  prnramm  are  reported  for 
the  list  time  ia  this  mark.  When  WF®  ar  a  mixture  of  WF®+ B«  «u  injected  through  the 
aaapiaawa  pent,  gwarntiaa  of  |a  pluses*,  Ar  piwma,  or  Ar+Ij  piaama  ia  tbe  quart®  tube 

tbe  piaaaaaewimiaa  iaioaaity  aad  daaaity  at  amiiakia  atosak  bydragw.  Another  aoaaaiactive 
deposition  tarbaiqas  devaiopod  in  this  work  eaptayed  WF#-f  Ar  piaama  along  with  aoaplwma 
l|.  Uadm  appwpeintn  ssrparimwtai  eaadMom  mm  of  those  aoaaaiactive  deposition  tech 
aiqom  cawed  W  depeaitiee  an  tbe  chawbar  wals  ar  iaaide  tbe  quarts  tube.  Tbe  usixtere  of 
NHa-fla  aad  WF®  ainapa  reenltad  in  aawalarliei  dapaaitian  far  both  piwma  and  aoaplwms 
types  of  pewmanu.  Meseevm,  tba  cemhiaatiaa  at  Na+R®  pieman  and  WF®  abo  resulted  in 
aaowisKtive  metaflk  Ibn  dapaaitian.  Tbe  ftbw  departed  by  any  of  tbe  Iwt  three  tecbaiqees 
in  Ihbb  1  (worn  JJtJ.)  bad  h^sr  rmistlvkim  cwpwod  to  paw  W  »ad  were  expected  to  be 
W  nitride  compound*.  W  nitride  may  exhibit .  <dtf  pwpertim  swb  m  oxidation  leaiataace, 
dUhatam  ha  wise,  and  ion  bnpiont  cbmwakng  atop.  W  nitride  Ihw  canid  also  bo  farmed  by 
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■TN  of  W  hjMi.  TIm  fiw  akrided  it  tha  highest  fpwtui  (1000  or  non)  wore  aot 
stable;  hmwwr,  the  W  Um  aitrided  at  lower  twywitiwi  (e.g,  010)  ware  stable.  AceonUig 
to  the  Aipr  depth  proilss  t ha  IIm  aitrided  at  030  awl  abows  wn  W  axyaitrides.  M-mIm 
adhesion  to  insnlatoss  am  oMihiri  for  aeoseketiv*  deposited  W  Maw  thk  her  than  1  .  la 
•mm  iastaaces ,  aa  initial  W  dspoeitioa  cyek  «M  foBnwsd  by  aaotbar  typo  of  deposition  in 
ordor  to  obtaia  optimal  adhssioa  aad  uniformity  properties.  All  of  tba  aooseketive  doposition 
techniques  developed  ia  thk  work  an  applkabk  to  m-ktu  fabrication  of  metal  pate  MOS 
devices.  Various  » n-mta  MOS  devices  were  soecamfally  fabricated  using  these  techniques  and 
the  resalts  including  stadias  of  passibk  plasms  damage  will  be  presented. 

Aay  combi  nation  of  WF*/H)/Ar  without  plasma  discharge  (rows  A  through  E  in  Table 
1)  resulted  ia  very  selective  W  depositions  on  exposed  Si  arena.  The  selective  depositions 
were  performed  in  n  wide  range  of  gw  low  rates,  pressure,  aad  temperature  aad  selectivity 
was  maintained  for  depositions  well  over  1  .  Compered  to  n  furnace,  this  single- wafer  cold- 
wall  reactor  offer*  a  much  larger  processing  window  for  selective  processes  without  loss  ol 
selectivity  niter  long  times  at  elevated  temperatures  as  ranch  ns  400. 

In  conclusion,  thk  novel  rapid  thermal/ plasma  multiprocessing  technique  has  potential 
merits  for  m-nis  fabrication  of  future  MOS  VLSI  circuits.  Thk  work  was  supported  by  IBM, 
DARPA,  and  SRC. 
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